Abstract -The issues of cable insulation temperature monitoring are one of the topical problems of the electric power engineering industry. One of the most promising researches in this field is the development of techniques for the cable insulation remaining life determination. It can be calculated using the insulation temperature monitoring data and data about other influences that have a significant effect on the insulation material. The possible ways of the insulation temperature monitoring of XLPEinsulated cable power lines were analyzed. Technical solutions for the use of contact, non-contact temperature sensors and fiber-optic conductors are considered. They depend on the features of the monitoring object. Block diagrams of the cable insulation temperature monitoring are proposed. Experimental cable surface temperature measurement using the multi-zone contact temperature sensors was carried out. The measurement showed uneven distribution of the cable surface temperature both in sunny and cloudy weather. The temperature difference exceeds the sensors inaccuracy and increases with the environment temperature growth. The cable insulation temperature monitoring allows calculating its residual life, determining the location of the defect, implementing thermal protection of the cable and increasing its throughput.
I. INTRODUCTION
Technological violations on cable power lines caused by insulation breakdown are one of the topical problems of modern electric power engineering industry. The cable power line short-circuits cause an interruption of the consumer power supply. Also they may lead to the damage of the electrical equipment at the power plants and at the consumer enterprises.
A cable line insulation breakdown can be caused by the following reasons:
Occurrence of the overvoltage in the power grid (caused by lightning or switching);
Exceeding the long-term permissible cable temperature due to design errors, frequent overloads or short circuits in the system; Natural destruction of the insulation under the influence of external and internal factors.
Therefore, the insulation condition monitoring is necessary to ensure the reliability of power supply and reduce the number of short circuits, which can cause significant economic and technological losses.
To monitor the cable insulation condition a wide range of procedures can be performed:
Dielectric response test [1] ;
Oscillating wave test [2] ;
Partial discharge characteristics monitoring [3, 4] ;
Dielectric loss measurement and the return voltage analysis [5] .
These methods are to test the insulation of cables periodically. Many of them require disconnecting the cable line from the power grid. The listed methods allow making a conclusion about the suitability of the cable further operation. But they don't give a complete picture of the processes inside the insulating material and do not allow predicting the cable insulation breakdown.
Online insulation monitoring condition techniques allow predicting the insulation breakdown. Systems using these methods monitor the parameter of the cable under load. For example, there are systems controlling the tangent of the dielectric loss angle and the partial discharges characteristics,
The result of data collection and analysis is the insulation breakdown prediction [6] [7] [8] [9] . However, the disadvantage of such systems remains the need to analyze the monitored parameters by qualified personnel.
In this connection, it is necessary to develop and implement an automatic insulation condition monitoring system, which analyses the monitored parameters using software algorithms and automatically decides whether to repair the cable line. An example of such a system is a predictive protection, proposed in [10, 11] . The proposed predictive relay protection controls a wide range of effects on insulation. There are: electric field, temperature, humidity, ultraviolet radiation, radiation emission, mechanical, chemical effects. However, in most cases, monitoring the cables insulation requires taking into account only the effect of the electric field and the insulation temperature.
The goal of this paper is to propose a cable insulation temperature monitoring system. This system will be used as a part of the predictive relay protection, since a residual insulation life is being calculated on the basis of the insulation temperature data. However, this system must have several additional functions to be implemented in electric power engineering industry.
It is known that the insulation temperature of cable lines can have a significant effect on its condition. Any increase of the cables insulation temperature increases the rate of the material destruction, determined by the Arrhenius equation. A consequence of destruction rate increase is a reduction of the cable life [12] . Therefore, monitoring the cables insulation temperature allows calculating its residual life and predicting the time until it's completely worn out.
II. FORMULATION OF THE PROBLEM
The goal of the paper is to propose technical solutions of the cables insulation temperature monitoring. Temperature monitoring allows calculating the cable insulation residual life in order to optimize the preventive maintenance of cable lines. To achieve this goal, it is necessary to solve the following tasks:
To analyze known methods of temperature measurement that can be used to monitor the temperature of cable lines;
To propose technical solutions of cables temperature monitoring with the possibility of data transmitting to the dispatcher's control board. The software of the dispatcher's control board is to calculate the remaining life of the cable insulation;
To analyze the possibility of monitoring using for additional purposes to improve the universality of the device and expand the scope of its application.
III. THEORY
It is necessary to pay special attention to the cable insulation and sheath temperature monitoring in places of possible overheating. They are [13] :
Places of cables and hot water systems intersections;
Bundles of loaded cable lines;
Areas of cable routes with dry ground or ground with high thermal resistance; Cable sleeves; Distribution cabinets and substations.
If there is a direct access to the listed areas, it is possible to use the temperature monitoring on the basis of the contact temperature sensors (resistance thermometers and thermocouples) and noncontact measuring techniques (pyrometry). However, without direct access to the listed areas only indirect temperature measurement is possible. An example of indirect temperature measurement is using fiberoptic cable core. In this case temperature measurement is based on the Raman Effect.
A. Thermocouples using
Measurement inaccuracy of the thermocouple is between 1 and 4 °C depending on the thermocouple material. The wires connecting the thermocouple and the measuring tool must be manufactured of the thermocouple material or copper. Cold junctions' temperature inserts an additional measurement inaccuracy. So temperature control of the cold junction at zero degrees is necessary. The other option is to use the cold junction thermal compensation circuit. Also there is a high probability of measurement inaccuracy because of the cables electric field. Therefore, the use of this temperature sensor without converting the analog electrical signal to digital is not advisable.
B. Resistance thermometers using
The sensing element of the resistance thermometer is a thin wire coiled on the frame. Platinum, copper and nickel are usually used in these sensors. Their change of resistance can be considered as linear in the operating temperature range.
Temperature measurement using a resistance thermometer is carried out using a two-wire, three-wire or four-wire circuit. The most accurate (measurement error from 0.1 to 1 °C, depending on the accuracy class) is a four-wire circuit. Besides, it has minimal interferences influence on the measurement result. Therefore, this type of sensor use is more rational to measure the temperature of the power line. The block diagram of the cable sleeve temperature monitoring system is shown in fig. 1 . This type of cable temperature monitoring system allows temperature measurement in local areas. Using this type of temperature monitoring along the entire length of the cable is possible, but it requires a large number of the sensors and signal converting units. If the cable power line is sufficiently long then it is necessary to use the wireless data transmission. Protocols of the wireless data transmission are ZigBee, GSM, GPRS or other. An example of the system using digital contact temperature sensors is described in [14] .
C. Pyrometers using
Optic pyrometry technique has an advantage over the contact sensors because pyrometers don't require the contact with the measuring object. So it's safer to measure the temperature of the high voltage cables. Temperature measurement inaccuracy of the pyrometers in the range up to 200 °С is not more than 4 °С.
However, pyrometers have several disadvantages:
Environment operation temperature in the range from 5 to 50 °С;
No protection from the dust, moisture and atmospheric precipitation.
Therefore, using pyrometers for the temperature monitoring is possible only in the heated rooms. So it's complicated to be used for the monitoring of the cables in the ground or on the cable rack. The block diagram of the end sleeves temperature measurement using pyrometer is shown in fig 2. 
D. Fiber-optic core using
Another known technique of cable temperature monitoring is using fiber-optic core integrated into the cable or placed inside the cable system. Light signal (its Stokes and anti-Stokes components) analysis allows measuring temperature. It is known that the correlation of these light signal components depends on the temperature and the distance from the measuring tool [15, 16] .
Using fiber-optic core allows monitoring the temperature and determining the area of cable overheating even if cable power line length is large. Temperature measuring is possible both inside the cable ( fig. 3 ) and outside the cable but inside the cable system ( fig. 4) [16] .
IV. EXPERIMENT
The contact temperature measurement technique is used to carry out the cable sheath surface temperature measurement. During the experimental research the temperature of the cable part was measured. The cable part had different height from the ground and different influence of the sun and the wind. To measure the temperature multi-zone contact temperature sensor was used. The multi-zone sensor consists of 10 digital temperature sensors DS18B20. Its length is 5 meters. Distance between sensors is 0.5 meters. To read the temperature data from the sensors portable controller was used. Block diagram of the cable temperature measurement is shown in fig. 5 .
Digital temperature sensors had the following location:
3 sensors located on the cable above the ground; 3 sensors located on the cable close to the ground; 4 sensors located on the cable about 25 centimeters above the ground. This cable part had insufficient influence of wind and sun.
In the fig. 6 represented the photo of the multi-zone temperature sensor placed on the cable. Fig. 7 shows the digital temperature sensor mounted on the cable. The measurement was done with the normal cable load. However, temperature distribution nonuniformity was obtained. The second experiment was performed with the higher air temperature. Its result showed the more nonuniformity of temperature distribution than in the first experiment. This is connected with the fact that cable is placed on the different height from the ground. Besides, the influence of the wind and the sun on the cable was different.
In spite of the insignificant temperature distribution nonuniformity another environmental conditions or higher load of the cable may increase the temperature distribution nonuniformity. Besides, there is a higher probability of the local cable overheating. An example of such conditions is windless sunny weather or external thermal influences on the cable insulation.
V. RESULTS AND DISCUSSION
The block diagrams of the temperature monitoring for different types of temperature sensors are proposed. The cable optic-fiber core using for the goal of temperature measurement is considered. The experimental temperature measurement of the 0.4 kV cable surface is carried out with the use of the multizone contact temperature sensor.
The use of the contact, noncontact sensors or fiber-optic core for the temperature monitoring depends on the operating conditions. To implement the temperature monitoring on the power cables being in operation it is rational to use contact temperature sensors. Using the fiber-optic core in this case requires more resources to be implemented. However, if the temperature monitoring is being implemented on the stage of the power line construction then using fiber-optic core is more effective and allows temperature measurement along the entire length of the cable. Non-contact sensors have sufficient environmental boundaries. Using the noncontact sensors is more rational for the temperature monitoring of the end cable sleeves and cable surfaces in the heated rooms.
The measurement results obtained showed nonuniform temperature distribution which can't be specified by the sensor's inaccuracy, which is 0.5°С. It is to be noted that sufficient temperature variations were observed during experimental research. In the cloudy weather temperature variation was about 3°С and in variable cloudiness it was about 2°С. The higher air temperature made the temperature distribution less uniform. It shows the necessity of the cable insulation temperature monitoring to exclude the possible cable local overheating and to calculate the cable insulation residual life. CONCLUSIONS 1. Using contact sensors allows cable sheath temperature record. Besides, using the contact temperature sensor with the dielectric material case allows cable conductors temperature measurement. An important issue in this case is thermal measurement equipment protection;
2. The noncontact pyrometers don't require the contact with the measuring object. So using noncontact pyrometers is safer when the high voltage cable conductors' temperature is being measured. However, the implementation of the pyrometric temperature monitoring is limited be the environmental conditions:
3. Using fiber-optic core of the cable is the most simple and safe technique of cable insulation temperature monitoring. However, these systems implementation on the cables in operation requires sufficient economic resources. It might be complicated especially for the cables in the ground. But the use of the contact sensors or pyrometers is much easier for the cables in operation:
4. Temperature distribution measurement in the cable insulation thickness is an important factor to be counted. It is known that thermal field distribution inside the cable insulation is nonuniform. Therefore, cable insulation temperature distribution is to be calculated using math algorithms:
5. The experimental cable sheath temperature measurement showed nonuniform temperature distribution along the cable length. The nonuniformity cannot be caused by the temperature sensor inaccuracy. If the environment influence is sufficient, the temperature distribution becomes less uniform:
6. Cable insulation temperature monitoring allows calculating its residual life, determining the defect location, realizing thermal cable protection and increasing its throughput. However the listed additional issues require the research which allows developing the system to decide them. Such system will be demanded by the enterprises maintaining the cable power lines.
